Autonomous implantable bioelectronics requires efficient radiating structures for data transfer and wireless powering. The radiation of body-implanted capsules is investigated to obtain the explicit radiation optima for E-and B-coupled sources of arbitrary dimensions and properties. The analysis uses the conservation-of-energy formulation within dispersive homogeneous and stratified canonical body models. The results reveal that the fundamental bounds exceed by far the efficiencies currently obtained by conventional designs. Finally, a practical realization of the optimal source based on a dielectric-loaded cylindrical-patch structure is presented. The radiation efficiency of the structure closely approaches the theoretical bounds and shows a fivefold improvement over existing systems. DOI: 10.1103/PhysRevLett.122.108101 Miniature body-implanted devices offer powerful capabilities for medicine and clinical research enabling more precise diagnostics and treatment than ever before [1] . For instance, the emerging electroceuticals aim individual neural circuits that regulate the physiological processes to treat a wide range of illnesses [2] . Likewise, wireless powering makes the lifespan of implants practically unlimited; efficient theoretical approaches have been proposed recently [3] [4] [5] . Body-conformal surfaces can focus energy into tissues [6] . However, efficient radiating structures are required for bodyimplanted capsules to overcome existing limitations on powering, safety, and data transfer. These constraints prohibit us, for instance, to realize wireless neural interfaces [7, 8] , implantable lab-on-a-chips [9] , and surgical microbots [10] .
Miniature body-implanted devices offer powerful capabilities for medicine and clinical research enabling more precise diagnostics and treatment than ever before [1] . For instance, the emerging electroceuticals aim individual neural circuits that regulate the physiological processes to treat a wide range of illnesses [2] . Likewise, wireless powering makes the lifespan of implants practically unlimited; efficient theoretical approaches have been proposed recently [3] [4] [5] . Body-conformal surfaces can focus energy into tissues [6] . However, efficient radiating structures are required for bodyimplanted capsules to overcome existing limitations on powering, safety, and data transfer. These constraints prohibit us, for instance, to realize wireless neural interfaces [7, 8] , implantable lab-on-a-chips [9] , and surgical microbots [10] .
Physical bounds on radiation efficiency η of arbitrary sources in free space have been extensively studied [11] [12] [13] [14] [15] . Effects of tissues on η and optimal frequency f opt have been considered in Ref. [16] for body-implanted inductor sources and in Ref. [17] for infinitesimal magnetic dipole and current sources. It is still unclear whether magnetic B-coupled (TE 10 ) or electric E-coupled (TM 10 ) sources maximize η in tissues. On the one hand, nearly all tissues are weakly diamagnetic. Therefore, negligible losses occur within the evanescent B field of TE 10 (contrast this with TM 10 where near-field energy is dissipated via dielectric relaxation [18] ). On the other hand, high permittivity values of tissues act on E-coupled sources, and higher η can be achieved using dielectric loading [14] .
In this Letter we obtain explicit radiation optima of bodyimplanted capsules equipped with arbitrary finite-sized TM 10 and TE 10 sources. Optimal (in terms of η [12] ) surface current density distributions on Σ C represent the sources (Fig. 1) . Physical bounds on ηðfÞ strongly depend on the configuration and dielectric properties of the source region; this Letter quantifies their effects for the first time. The results reveal that it is possible to outperform state-of-the-art designs by a factor of 5 in terms of radiation efficiency. Based on the results, we show that a dielectric-loaded cylindrical-patch source closely approaches this optimal efficiency.
Problem formulation.-A stratified sphere Ω P of variable radius R P and of complex permittivityεðr; ωÞ ¼ ε 0 − iε 00 ¼ ε 0 ε r ðr; ωÞ − iσðr; ωÞ=ω (where ε r is the relative permittivity, σ is the electrical conductivity, ω ¼ 2πf is the angular frequency, and f is the frequency) represents the tissues [ Fig. 1(a) ]. The thicknesses of 5-mm fat and 2-mm skin layers are kept constant throughout the study. The validity and limitations of this model are discussed in Ref. [19] . The EM field radiated from an arbitrary source inside Ω P satisfies the inhomogeneous wave equation. In terms of the timeharmonic electric field E (time variations of the form e iωt ), it is expressed as
where J s is the source electric current density [20] . Taking into account the z-axial symmetry of the problem on Fig. 1 , we reduce it to R 2 assuming Eðr; φ; zÞ ¼Ēðr; zÞe −imφ , where m is the azimuthal mode number.
An arbitrary current density J (satisfying Maxwell's equations) flows through Ω P and has values J s on the cylindrical surface Σ C depicted on Fig. 1(b) . The surface is defined by the variable length L and radius R C ; the circumradius a ≡ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi ffi
To represent a generic pill-shaped in-body device, a lossless (i.e., σ ¼ 0) region Ω S ∈ Ω P encloses the surface Σ C . The region consists of a cylinder of length L and radius R C þ T and two hemispheres of the same radius. Like so, the variable T allows for evaluating the impact of shell (or superstrate) thickness on η. The permittivity ε r;S of Ω S accounts for the effect of dielectric loading (ε r;S ∝ η [19] ). It is assumed that Ω S is composed of nonmagnetic materials.
The surface current density J s ðr; φ; zÞ is defined on Σ C for TM 10 
The radiation efficiency η is derived from the conservation of energy [20] . Poynting's theorem states that P s ¼P e þ P d þi2ωðW m −W e Þ, where
exiting power, and P d ¼ 0.5∭ Ω P σjEj 2 dv is the dissipated power. In this way, we calculate the radiation efficiency as
The peak of ηðfÞ defines the optimal frequency f opt as ηðf opt Þ ≡ maxðηÞ. Note that for a real-life antenna, the total radiation efficiency also includes a mismatch loss as η tot ¼ ηð1 − jΓ A j 2 Þ, where Γ A is the reflection coefficient at the antenna feed. In this Letter, we consider Γ A ¼ 0.
Numerical results.-Studying ηðfÞ of the formulated problem requires solving the second-order linear partial differential equation. We use the fully adaptive hp-finite element method implemented with the in-house code Agros2D [21] . The hp-adaptivity algorithm is set to maintain the total-energy relative error below 10 −4 . Additional verification ensures the power-balance residual max ðδPÞ≡ max ½ðP s − P e − P d Þ=P s ≤ 10 −3 ∀ f. To represent the tissue dispersion, we use the four-region Cole-Cole modelεðωÞ¼ε 0 −iε
The parameters of the model for different tissues have been defined in Ref. [22] based on experimental data [23] .
We start by calculating the effect on f opt and maxðηÞ of the phantom radius R P ∈ ½10; 100 mm that is asymptotic to the source implantation depth d ≈ R P − a. The source geometry is L ¼ 10, R C ¼ 4, and T ¼ 0.5 mm (average Fig. 1(a) ] increase η (compared to a homogeneous R P ¼ 50 mm phantom) for both sources by improving wave-impedance matching with free space. The effect is observed for both the layers placed inside (inr, R P ¼ 50 mm) and outside (otr, R P ¼ 57 mm) of the homogeneous (hg) phantom.
properties of existing capsules [1] ), and ε r;S ¼ ε r;1 (Fig. 1) . If not indicated otherwise, these source properties are used hereafter. Figure 2(c) shows the maximum achievable efficiency as a function of R P .
As can be seen in Figs. 2(d)-2(e), the optimal frequency range follows a skew normal distribution within considered f ∈ ½0.1; 4 GHz. For a given depth, f opt is the best compromise between the attenuation losses α ∝ f on the one hand, and the wave-impedance mismatch at the tissue-air interface jΓj ∝ f −1 as well as the source electrical size ka (where k is the wave number) on the other [17] . For TM 10 , the optimal frequency can be approximated as f opt ¼ 16.63R expð−0.047R P Þ;R 2 ¼ 0.991. For a given implantation depth, the TM 10 mode allows for higher maxðηÞ compared to TE 10 . The magnitude of this effect is inversely proportional to R P : maxðη TM Þ is 78% higher than maxðη TE Þ at R P ¼ 20 mm but approaches the same level at R P ¼ 100 mm [ Fig. 2(c) ]. However, TE 10 provides substantially better efficiency for f ≲ 0.7 GHz (this is consistent with findings of Kim et al. [16] ). In addition, there is no substantial effect of R P on η TE for f ≲ 0.2 GHz [ Fig. 2(e) ]. Clearly, at such frequencies both sources operate in the near field within Ω P . The near field of the TE 10 source is essentially magnetic [ Fig. 2(b) ]; as nearly all biological tissues are weakly diamagnetic, the losses in Ω P are negligible for this case.
We use R P ¼ 50 mm as the reference value. In addition to the phantom size, the layers of fat (ε r;2 ; σ 2 ) and skin (ε r;3 ; σ 3 ) [ Fig. 1(a) , "2" and "3," respectively] affect η compared to the homogeneous muscle (ε r;1 ; σ 1 ) phantom of the same R P . As ε r;1 > ε r;2 ∀ f ∈ ½10 7 ; 10 10 Hz [23] , this effect is in part due to mitigation of the wave-impedance contrast with surrounding free space. Obviously, if we add the skin and fat layers inside of R P ¼ 50 mm sphere, the effect is stronger because of reduced energy dissipation in Ω P as σ 1 > σ 2 ∀ f. This case results in the highest η for both sources [ Fig. 2(f), "inr"] . However, adding the layers outside of the sphere [i.e., total R P ¼ 57 mm, Fig. 2(f) , "otr"] improves η as well compared to the homogeneous case [ Fig. 2(f), "hg"] . This happens despite the added attenuation due to σ 2 and σ 3 . Since the homogeneous muscle-equivalent phantom gives the most conservative value of maxðηÞ, we proceed with the homogeneous R P ¼ 50 mm case for the subsequent study of different Ω S configurations. In addition, this setup can be easily replicated for experiments [24] .
In terms of η, spherical sources are optimal for a given ka [14] but impractical for application in bioelectronics. We start by comparing η of the cylindrical Σ C with the equivalent spherical source: i.e., radius ¼ a, same ε r;S and T [ Fig. 1(b) ]. J S is defined according to Eq. (1), where L ¼ πa for the spherical TM 10 source. For spherical sources, maxðηÞ increases 16.9% for TM 10 and 11.0% for TE 10 ; f opt range remains invariant.
Peak radiation efficiency strongly depends on the dimensions of Σ C . We compute the effect of both length L and radius R C on f opt and maxðηÞ. Among the parameters of Σ C , L ∈ ½1; 31 mm has the strongest effect on maxðηÞ.
FIG. 3. (a),(b)
Theoretical bounds on the radiation efficiency η depend on the frequency and the source geometry: (a) TM 10 mode and (b) TE 10 mode sources centered inside of a spherical R P ¼ 50 mm phantom Ω P (dispersive muscle-equivalent EM properties, no stratification). (c)-(e) Normalized E-field distributions of the TM 10 mode source (L ¼ 10, R C ¼ 4, and T ¼ 0.5 mm) in a R P ¼ 50 mm stratified Ω P at (c) 100 MHz (low η due to an inefficient source), (d) 1.2 GHz (maximum η), and (e) 3.5 GHz (low η due to attenuation).
Figs. 3(a) and 3(b) demonstrate this for the TM 10 and TE 10 modes, respectively. Equation (3) summarizes the observed radiation efficiency η results for both modes:
where c i are the mode-dependent coefficients (Table I) , L is the length (mm), and f is the frequency (GHz). For TM 10 , the results are straightforward: the longer the source is, the higher the maxðηÞ. For the longest considered one (L ≈ 3 cm, typical size of a pacemaker or a neural stimulator), maxðηÞ approaches 5% at f opt ≈ 1.1 GHz [ Fig. 3(a) ]. This is about an order of magnitude improvement of η compared to existing devices with maximum efficiencies of about 0.5% [25] .
Contrast this with TE 10 [ Fig. 3(b) ]. Here, the efficiency peaks around 1.5R C < L < 3R C that is the optimal dimension range for inductor sources. We shall also see that for L ≲ 5 mm the TE 10 mode not only gives better maxðηÞ but also improved η for f < f opt . At these frequencies, an electrically small TM 10 source (e.g., L ¼ 10 mm ≈ λ=37 at 100 MHz in muscle) produces a weak E field [ Fig. 3(c) ]. Consequently, TM 10 is inefficient under these conditions. On the other hand, the same TM 10 source operating at f opt ≈ 1.2 GHz [ Fig. 3(d) ] results in a 55% increase in maxðηÞ compared to the TE 10 one. In this case, L ≈ λ=3.4. For f > f opt , the decline of η is nearly identical for both modes as it is driven by the attenuation of the wave propagating inside Ω P [ Fig. 3(e) ].
The radius of Σ C [ Fig. 1(b) ] has a moderate effect on radiation. For R C ∈ ½1; 5 mm, the optimal frequency remains invariant for both modes: f opt ¼ 1.3 GHz AE 50 MHz. However, maxðηÞ is linearly proportional to R C (mm). Given L ¼ 10 mm, TM 10 yields maxðηÞ ¼ 3.7 × 10 −3 R C þ 0.017ðR 2 ¼ 0.9902Þ, and TE 10
gives maxðηÞ ¼ 1.9 × 10 −3 R C þ 0.013ðR 2 ¼ 0.9956Þ. For the studied radii, maxðηÞ is roughly twice for TM 10 . But, again, TE 10 results in better η in the sub-GHz range.
Next, we characterize the effect of Ω S dielectric loading on η using ε r;S ðωÞ ¼ c dl ε r;1 ðωÞ [ Fig. 1(b) ], where ε r;1 is the dispersive permittivity of muscle and c dl ∈ ½1=ε r;1 ; 2 is the coefficient. c dl ¼ 1=ε r;1 ⇒ Ω S fε 0 ; 0g that represents the source without any artificial dielectric loading (i.e., only surrounding tissues load the source; the dependence of tissue EM properties on η was studied in Ref. [19] ). Given the definition of sources through J s [see Eq. (1)], the dielectric loading impacts only the efficiency of the TM 10 source and has no effect on the TE 10 one. For TM 10 , ε r;S is inversely proportional to the optimal frequency (GHz) as
884Þ. Dielectric loading of TM 10 source significantly improves radiation performance: maxðηÞ¼4.3×10 −3 c dl þ0.027ðR 2 ¼0.943Þ. Note that the latter term is maxðηÞ of an unloaded TM 10 source. These effects are in part due to the scaling of the source electrical size ka ∝ ffiffiffiffiffiffi ffi ε eff p , where ε eff is the effective permittivity around the source, which is a function of ε r;S .
A high-permittivity shell of thickness T ∈ ½0.1; 3 mm can be used to artificially load the source (i.e., via ε r , S) to increase η (biocompatibility of the shell must be ensured through in vitro and in vivo tests in accordance with current regulations). In addition, the low-loss shell reduces dissipation in the near-field of the TM 10 source. Given ε r;S ≈ ε r;1 (wave impedance is closely matched with a surrounding tissue), T affects the optimal frequency insignificantly (f opt ≈ 1.2 AE 0.1 GHz for both sources). However, η ∝ T, and the effect on the TM 10 mode is stronger: maxðηÞ¼6.1×10 −3 T þ0.029ðR 2 ¼1Þ. For TE 10 , maxðηÞ¼ 1.8×10 −3 T þ0.02ðR 2 ¼1Þ. These results are consistent with the findings of Merli et al. [26] . Note that if ε r;S ≠ ε r;1 , a thicker shell would also affect the optimal frequency by increasing the effect of ε r;S described above. So, f opt ∝ 1=ðε r;S TÞ.
Optimal source realization.-Taking into account the identified features, we design a proof-of-concept body-implanted capsule (Fig. 4 ) that shows about fivefold improvement of radiation efficiency compared to existing devices [25] . Having η ≈ 2.5%, it exceeds the theoretical bounds of TE 10 and closely approaches η of the TM 10 source [ Fig. 4(b) ]. The capsule operates at the Wireless Medical Telemetry Service (WMTS) band centered around f 0 ¼ 1.4 GHz that is close to f opt [ Fig. 4(b) ]. Figure 4 (c) shows the synthesized cylindrical-patch structure that is the most suitable to closely replicate the theoretical TM 10 mode source [ Fig. 2(a) ] in terms of E and J s distributions [ Fig. 4(a) ]. The capsule shell (T ¼ 1 mm) and 76.2-μm-thick (3 mil) substrate load the antenna with ε r;S ¼ 80 that is close to maximum permittivity of human tissues as well as water at 1.4 GHz [23] . The source radius is R C ¼ 4 mm. Within this environment and considering Ω P , the λ=2 resonant length (i.e., when ℑ½Z A ðf 0 Þ ¼ 0) of the patch is 11.7 mm. The ground plane extends 0.5 mm further to mitigate E-field fringing to the inside of the capsule. Therefore, the total Σ C -equivalent length is L ¼ 12.7 mm, which was used to calculate the theoretical bounds in Fig. 2(a) .
The cylindrical patch spans Σ C over a sector angle φ C in the azimuth plane x − y. As the physical size increases with the angle, η ∝ φ C ∈ ð0; π. However, an array of narrow sources (i.e., φ C ≪ π) makes it possible to realize superdirective beam forming [27] . Along with the adaptive frequency hopping to adjust for varying implantation depth [17] , such a source minimizes the energy dissipation in tissues, therefore maximizing η.
Conclusion.-Optimal radiation performance requires minimizing the dissipated energy for a given power flow in the far field. For a given radiation pattern, the maximum operating range and data rates of body-implanted capsules can only be improved by increasing the radiation efficiency. In this Letter, we quantified the tradeoffs between the parameters of TM 10 and TE 10 sources and their achievable efficiencies so that optimal radiation can be achieved. The established physical bounds on η serve as the design quality gauge, facilitate the choice of the source type and dimensions, and provide simple rules to check the feasibility of a given design. While the study uses simple tissue structures, Ref. [17] suggests that the findings remain valid in realistic tissue geometries.
Based on the established features, we showed that the fundamental bounds exceed by far the efficiencies obtained by conventional designs. We closely approach these bounds in practice by using a dielectric-loaded radiating structure that closely replicates J s distribution of the TM 10 source. The optimized source outperforms the existing systems by a factor of 5, which represents a fundamentally new capability enabling safe, power-efficient, and high throughput devices. 
